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Summary
Centrioles consist of nine-triplet microtubules ar-
ranged in rotational symmetry. This structure is highly
conserved among various eukaryotic organisms and
serves as the base for the ciliary axoneme. Recently,
several proteins such as SAS-6 have been identified
as essential to the early process of centriole assembly
[1, 2], but the mechanism that produces the 9-fold
symmetry is poorly understood. InC. elegans andDro-
sophila, SAS-6 has been suggested to function in the
formation of a centriolar precursor, a central tube
that then assembles nine-singlet microtubules on its
surface. However, the generality of the central tube is
not clear because in many other organisms, the first
structure appearing in the centriole assembly is not
a tube but a flat amorphous ring or a cartwheel—
a structure with a hub and nine radiating spokes.
Here we show that in Chlamydomonas the SAS-6 pro-
tein localizes to the central part of the cartwheel and
that a null mutant of SAS-6, bld12, lacks that part.
Intriguingly, this mutant frequently has centrioles
composed of 7, 8, 10, or 11 triplets in addition to 9-trip-
let centrioles. We presume that, in many organisms,
SAS-6 is an essential component of the cartwheel,
a structure that stabilizes the 9-triplet structure.
Results and Discussion
bld12 Centrioles Have Irregular Numbers
of Triplet Microtubules
We isolated a new Chlamydomonas mutant, bld12, that
is deficient in establishing the 9-fold symmetry. Like
other centriole-deficient mutants [3, 4], this mutant
displays abnormal nuclear segregation and lacks
flagella when grown under normal conditions. However,
w10% of the cells produce one or two flagella when the
cell walls are removed with autolysin (Figure 1A). The
motility of these flagella is variable, from complete paral-
ysis to sporadic twitching to almost normal beating.
When these flagella were observed by electron micro-
copy, a striking defect was found: The number of the
outer-doublet microtubules frequently differed from
*Correspondence: hirono@biol.s.u-tokyo.ac.jpnine (Figure 1B). Of more than 10,000 axonemal cross
sections examined, w5% had 8 doublets, w5% had
10 doublets, and w0.1% had 11 doublets, whereas
w90% had 9 doublets. In contrast, a control measure-
ment in pf14 (a mutant lacking radial spokes) detected
only one abnormal axoneme in 1260 cross-section
images. Striking defects were also found in the centriole,
viewed either in whole cells or in the isolated nucleo-fla-
gellar apparatus (NFAp)—a complex of a nucleus, two
mature centrioles (basal bodies), and their attached fla-
gella [5] (Figure 2A). Most of the centrioles in the bld12
cells were split into fragments of one- to five-triplet mi-
crotubules; only < 20% of the total retained the circular
arrangement of triplets. The number of triplets in the cir-
cular centrioles also varied: Ofw160 cross-section cen-
triole images in an NFAp sample, w3% had 7 triplets,
w13% had 8, w70% had 9, w13% had 10, and w1%
had 11. Serial-section analysis of the centriole-flagellum
connection indicated that these circular centrioles, and
not the split ones, apparently serve as the template for
the assembly of axonemes with abnormal numbers of
doublet microtubules (Figure S1, available online).
Nine-doublet axonemes were observed more frequently
than nine-triplet centrioles, possibly because axonemes
with aberrant numbers of doublets are short and there-
fore less frequently observed by thin-section electron
microscopy than are nine-doublet axonemes. Another
possibility is that axonemes with nine doublets are
assembled on the basal bodies with seven or eight trip-
lets by insertion of a doublet(s) that is not templated
from a triplet [6]. However, this latter mechanism cannot
explain why the axonemes with 10 or 11 doublets occur
less frequently than the centrioles with 10 or 11 triplets.
bld12 Lacks the Central Part of the Cartwheel
The circular centrioles in bld12 have two classes of ultra-
structural defects. First, triplets are often missing near
the proximal end, indicating that some triplets are
shorter than normal (Figure 2B). This observation sug-
gests that the triplets are partially depolymerized at
the proximal ends. It might be that bld12 is deficient in
some mechanism that stabilizes the proximal end of
the centriolar microtubules. Second, these centrioles
appear to lack the symmetrical organization of the cart-
wheel, a structure composed of three distinct parts: the
hub, the inner spoke, and the spoke tip [7]. In the bld12
centriole, the spoke tip, a distal part of the spoke that
appears thicker than the rest, remains attached to the
centriole as a protrusion from the A tubules of triplets.
However, the hub at the center of the cartwheel is miss-
ing (Figure 2C). It is also missing in immature centrioles
(probasal bodies), suggesting that the central part of the
cartwheel is not assembled at the onset of the centriole
assembly process (Figure S2).
BLD12 Codes for SAS-6
Positional cloning via a PCR-based method [8] deter-
mined that the bld12 phenotype is due to the loss of
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2170Figure 1. Flagellar Defects in bld12
(A) Logarithmic cells treated with autolysin to
remove the cell walls. The percentage of the
cells with zero, one, and two flagella is indi-
cated below each panel.
(B) Flagellar axonemes isolated from bld12
cells. Thin-section specimens stained with
uranyl acetate and lead citrate. The percent-
ages of the cross-section images showing
8-, 9-, 10-, and 11-doublet axonemes are indi-
cated above each panel.
Scale bars represent 5 mm in (A) and 100 nm
in (B).a homolog of SAS-6 (CrSAS-6, Figure S3A). The muta-
tion was mapped to a 600 kb region of Linkage Group
XII/XIII, and a deletion of about 40 kb was detected in
this region. Examination of the Chlamydomonas ge-
nome sequence database (http://genome.jgi-psf.org/
Chlre3/Chlre3.home.html) indicated that the deleted
sequence included a gene coding for a protein that
has been reported to be a Chlamydomonas homolog
of the C.elegans protein SAS-6 (CrSAS-6) [9] in addition
to 12 other genes. When the genomic and cDNA clones
of the CrSAS-6 gene were isolated and transformed into
the bld12 cells, both rescued the flagella-less pheno-
type. In addition, we isolated another allele of bld12
(bld12-2) that also assembled flagella with various num-
bers of doublets. The genetic lesion in this mutant is
a base-substitution mutation that is predicted to cause
abnormal splicing and thereby produce a premature
stop codon in frame (Figure S3B). The PISA and the
coiled-coil domains common to all known SAS-6 pro-
teins [9] are conserved in CrSAS-6 (Figure S4).
SAS-6 Localizes to the Central Part of the Cartwheel
Immunoblots with an antibody raised against the whole
protein detected a single band of CrSAS-6 in the wild-
type cells and the bld12 cells rescued with genomic
DNA or cDNA, but not in the bld12 cells (Figure 3A).Immunofluorescence microscopy of wild-type cells
localized CrSAS-6 exclusively to the centrioles
(Figure 3B), and immunoelectron microscopy of isolated
NFAp clearly localized it to the central part of the cart-
wheel that surrounds the hub (Figures 3C and 3D). This
localization pattern is in good agreement with the part
of the cartwheel missing in the bld12 centriole, suggest-
ing that CrSAS-6 constitutes part of the inner spoke
itself. This localization pattern is also in agreement
with that of an SAS-6 homolog in the ciliary basal bodies
of Tetrahymena [10]. To examine the possible interac-
tion of Bld12p with Bld10p, a component of the cart-
wheel spoke tip [11], we next examined the localization
of CrSAS-6 in bld10 mutants, as well as the localization
of Bld10p in bld12 mutants. In contrast to bld12, which
produces centrioles (albeit abnormal), the bld10 null
mutant lacks a discrete centriolar structure [4]. Western
blotting showed that Bld10p is present in the bld12 cells
(Figure 3A), and immunofluorescence (IF) localized it to
the centriole, although the IF signal was weaker than
that in the wild-type cells (Figure 3E). In the bld10 mu-
tant, in contrast, CrSAS-6 signals were almost always
absent (Figure 3B), although very faint spots were ob-
served in a small fraction of cells. These results suggest
that Bld10p is recruited to the centriole independently of
CrSAS-6.
Assembly of Centrioles with 9-Fold Symmetry
2171Figure 2. Centriolar Defects in bld12
(A) The cross-section images of the centrioles with several split pieces of triplets (left panels) or those with circularly arranged triplets (right
panels). The frequencies of the types observed are indicated at the top. In the circular centrioles, the number of the triplets is variable. Centrioles
with seven, eight, nine, and ten triplets are shown.
(B) Serial-section images of centrioles with seven, eight, and nine triplets. Near the proximal ends, triplets are frequently missing (arrows), indi-
cating that some triplets are shorter at the proximal ends as illustrated on the right side of the panels.
(C) Cartwheels in the wild-type and bld12 centrioles. The central part of the cartwheel is missing in bld12. The cartwheel consists of a central hub
and several layers of nine radial spokes and is located at the proximal end of the centriole (arrow). In bld12, the hub and emanating spokes are
missing, but the spoke tips remain attached to the triplets (illustrated; the cartwheel is in red).
Scale bars represent 100 nm.Mechanism for Stabilizing the Centriolar
9-Fold Symmetry
On the basis of these results, we propose a model for
the mechanism that stabilizes the 9-fold symmetry ofthe centriole (Figure 4). During centriole assembly, the
cartwheel appears at an early stage following the for-
mation of the amorphous ring [12] and serves as the
scaffold for microtubule assembly. CrSAS-6 is
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2172Figure 3. CrSAS-6 Localizes to the Cartwheel
(A) Western-blot analysis of whole-cell lysates and NFAp with the antibody against CrSAS-6 (left blot) and Bld10p (right blot). The protein band of
CrSAS-6 is detected in the wild-type, bld10, and bld12-1 cells rescued by transformation with a genomic clone or a cDNA clone of CrSAS-6
(bld12gR, bld12cR), but not in the bld12-1 and bld12-2 cells. The apparent molecular weight of CrSAS-6 in the cDNA-rescued cell is slightly
higher than that of the wild-type, because the cDNA used for transformation is tagged with a Hemagglutinin sequence. The band of Bld10p is
detected in bld12-1 and bld12-2 cells.
(B) Immunofluorescence of CrSAS-6 showing the localization to the centrioles. The fluorescence spot representing the centrioles (basal bodies)
is observed in the wild-type cell, but not in the bld12-1 and bld10 cells.
(C and D) Immunoelectron microscopy of the mature (C) and immature (D) centrioles, showing that CrSAS-6 is localized to the central part of the
cartwheel.
(E) The bld12 mutation only partially affects the recruitment of Bld10p to the centriole. The cells of wild-type and bld12-1 were stained with
Bld10p antibody. The fluorescence spot indicating the localization of Bld10p to the centrioles is observed in the bld12 cells, although it is weaker
than that in the wild-type cells.
Scale bars represent 10 mm in (B) and (E) and 100 nm in (C) and (D).necessary for cartwheel formation, especially for the
radial arrangement of the cartwheel spokes. Bld10p,
a homolog of mammalian centrosomal protein Cep135
[13], functions in microtubule nucleation at the spoke
tip [11]. In the presence of SAS-6, the cartwheel is prop-
erly formed, Bld10p functions at each tip of the nine
spokes, and the nine microtubules are formed. When
SAS-6 is missing, the central part of the cartwheel isnot formed, but Bld10p can somehow nucleate micro-
tubules even if the cartwheel structure is completely
disorganized. In this case, however, the number of mi-
crotubule nucleation sites is not fixed to nine, resulting
in centrioles with variable numbers of triplet microtu-
bules. Thus CrSAS-6 stabilizes the 9-fold symmetry of
the centriole by determining the radial shape of the
cartwheel.
Assembly of Centrioles with 9-Fold Symmetry
2173Figure 4. A Model of the Cartwheel Function
in Establishing the 9-Fold Symmetry of the
Centriole
(A) Centriole-assembly process in the wild-
type cell. An amorphous ring that appears
during the first step in assembly [12] is shown
in gray, the cartwheel is shown in red, and the
microtubules are shown in blue. CrSAS-6
functions in organizing the cartwheel spokes,
and Bld10p functions in nucleating the micro-
tubules at the spoke tips.
(B) The process in the bld12 cell. The central
part of the cartwheel is missing, but Bld10p
is still recruited to the centriole and nucleates
microtubule assembly. However, the number
of the nucleation sites is not fixed to nine. This
figure depicts the case when ten microtu-
bules are produced.The importance of the cartwheel in establishing the
9-fold symmetry of the centriole has been suggested
by experiments using truncated Bld10p [11]. When
a Bld10p molecule lacking the C-terminal 35% is ex-
pressed in the bld10 cells, the cartwheel spoke is short-
ened and cylindrical centrioles with eight triplets are
frequently formed. This is probably because the cart-
wheel with short spokes, i.e., that with a small circumfer-
ence, can accommodate only eight triplets. The number
of the spokes radiating from the hub remains nine even
in the eight-triplet centrioles, suggesting that the 9-fold
symmetry originates from the hub. The centriole spokes
must transmit the geometrical information to the sites
where the triplets form. The loss of the radial arrange-
ment of the spokes in bld12, therefore, naturally results
in an instability of the 9-fold symmetry. Thus both of the
two cartwheel proteins, CrSAS-6 and Bld10p, should be
crucial for establishing the 9-fold symmetry of the cen-
triolar structure.
A recent study using electron tomography to investi-
gate centriole assembly in C. elegans embryos showed
that SAS-6 is required for the formation of the central
tube, a hollow tube that appears in the first step of cen-
triole assembly in this organism [2]. Nine-singlet micro-
tubules assemble around the tube, suggesting that the
tube functions as the scaffold for microtubule assembly.
A tube-like structure has also been observed in Dro-
sophila embryos in which its SAS-6 (DSAS-6) is overex-
pressed [14]. Interestingly, a null mutant of DSAS-6
produces abnormal centrioles that lack a subset of trip-
lets and assume unclosed cylindrical structures. Thus
the central tube and SAS-6 must be crucial for the estab-
lishment of the centriolar microtubule arrangement in
these organisms. However, a conserved role for the cen-
tral tube in centriole assembly during evolution is not
clear, because central tubes have not been observed
in other organisms [2, 15, 16]. In duplicating basal bod-
ies of Paramecium and Chlamydomonas, for example,
a flat amorphous ring rather than a tube appears first,
and then the cartwheel follows (Figure 4) [12, 17].
Although it is possible that previous electron micro-
scopic studies have missed the presence of tubes in
these organisms, the amorphous ring or the cartwheel
may well perform the function that the central tube car-
ries out in C. elegans and Drosophila [16]. Our finding
that CrSAS-6 localizes to the cartwheel and stabilizes
the 9-fold symmetry of the centriolar structure stronglysuggests that CrSAS-6 is a component of the cartwheel
and that the cartwheel, rather than the amorphous ring,
performs a function in Chlamydomonas similar to the
function of the central tube inC. elegans andDrosophila.
However, we cannot rule out the possibilities that
Chlamydomonas centrioles also develop on an as-yet-
unobserved central tube and that CrSAS-6 functions in
both the tube and the cartwheel. The cartwheel has
been observed in many organisms, including mammals,
Paramecium, Tetrahymena, and Chlamydomonas, as
a transient or stable component of the centriole or the
ciliary basal body [18]. We presume that the cartwheel-
mediated mechanism may function in centriole assem-
bly in a wide range of organisms.
In our experiments the absence of the cartwheel re-
sulted in the production of centrioles with aberrant num-
bers of triplet microtubules. However, it should be noted
that w70% of the circularly arranged centrioles in the
bld12 cells were still composed of nine microtubules.
Thus it is likely that a cartwheel-independent mecha-
nism that exerts strong pressure toward 9-fold symme-
try is also present. In other words, the 9-fold symmetry in
the centriole structure is likely to be established by mul-
tiple factors. The presence of multiple factors might
explain the invariance of the centriole structure through
evolution.
Supplemental Data
Experimental Procedures, as well as one table and four figures, are
available at http://current-biology.com/cgi/content/full/17/24/2169/
DC1/.
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